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Abstract 

Background:  Transmission of malaria in sub-Saharan Africa has become increasingly stratified following decades 
of malaria control interventions. The extent to which environmental and land cover risk factors for malaria may differ 
across distinct strata of transmission intensity is not well known and could provide actionable targets to maximize the 
success of malaria control efforts.

Methods:  This study used cross-sectional malaria survey data from a nationally representative cohort of school-aged 
children in Tanzania, and satellite-derived measures for environmental features and land cover. Hierarchical logistic 
regression models were applied to evaluate associations between land cover and malaria prevalence within three 
distinct strata of transmission intensity: low and unstable, moderate and seasonal, and high and perennial.

Results:  In areas with low malaria transmission, each 10-percentage point increase in cropland cover was associated 
with an increase in malaria prevalence odds of 2.44 (95% UI: 1.27, 5.11). However, at moderate and higher levels of 
transmission intensity, no association between cropland cover and malaria prevalence was detected. Small asso-
ciations were observed between greater grassland cover and greater malaria prevalence in high intensity settings 
(prevalence odds ratio (POR): 1.10, 95% UI: 1.00, 1.21), and between greater forest cover and reduced malaria preva-
lence in low transmission areas (POR: 0.74, 95% UI: 0.51, 1.03), however the uncertainty intervals of both estimates 
included the null.

Conclusions:  The intensity of malaria transmission appears to modify relationships between land cover and malaria 
prevalence among school-aged children in Tanzania. In particular, greater cropland cover was positively associated 
with increased malaria prevalence in areas with low transmission intensity and presents an actionable target for envi-
ronmental vector control interventions to complement current malaria control activities. As areas are nearing malaria 
elimination, it is important to re-evaluate environmental risk factors and employ appropriate interventions to effec-
tively address low-level malaria transmission.
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Background
Decades of malaria control interventions and targeted 
treatment have led to reduced malaria prevalence in 
many areas, but other areas remain at high risk of the 
disease. As malaria transmission patterns are changing, 
stratification of infection risk is becoming more appar-
ent [1–3]. In sub-Saharan Africa, since 2010, the largest 
transition in malaria transmission dynamics has occurred 
among high transmission intensity settings (Plasmodium 
falciparum parasite rate > 50%) downshifting to moder-
ate intensity (P. falciparum parasite rate 10–50%) [1]. 
Changing levels of transmission intensity disrupt estab-
lished malaria ecological dynamics and may result in dif-
ferent relationships between ecological covariates and 
malaria across different levels of transmission. Potential 
modification of the environmental predictors of malaria 
by transmission intensity could inform malaria control 
programmes of differing intervention needs of communi-
ties based on underlying transmission profiles and could 
further optimize allocation of resources for the control of 
malaria.

A complex network of factors drives malaria transmis-
sion. Ecological factors, such as climate, land cover and 
land use, and human interventions interact to shape the 
dynamics of when, where and how frequently malaria 
infections occur [3]. Profiles of temperature, precipita-
tion, elevation, and land cover have long been used to 
model and predict the occurrence of malaria in endemic 
areas and highlight locations with elevated risk of the dis-
ease to prioritize interventions [1–5]. Human modifica-
tion of land cover, particularly for agriculture, has been 
found to be associated with increased malaria prevalence 
among children in the Democratic Republic of the Congo 
(DRC) [6], Malawi [7], Tanzania [8–10], Kenya, Burundi, 
and even re-establishment of malaria in Madagascar [11, 
12]. As populations expand within sub-Saharan Africa, 
modification of current land cover to develop agricultural 
areas is also expanding [13]. If relationships between 
land cover and malaria prevalence depend on transmis-
sion intensity, it is important to understand how different 
classes of land cover may affect malaria dynamics under 
changing levels of transmission intensity.

In this study, relationships were evaluated between 
land cover and malaria prevalence stratified by trans-
mission intensity in the United Republic of Tanzania. 
An estimated 93% of the mainland Tanzanian popula-
tion remains at risk of malaria [14], however malaria risk 
stratification across the country is highly heterogenous 
[15, 16]. Recently, Tanzania has transitioned from a 

highly endemic setting to moderate transmission inten-
sity, driven in part by many urban areas shifting to very 
low or no transmission settings. However, numerous 
rural areas remain at high levels of transmission [16]. 
The widening gaps in intensity of malaria transmission 
in Tanzania offer a unique opportunity to explore dif-
ferences in ecological conditions known to influence 
malaria epidemiology, notably land cover and land use, 
between areas under different transmission intensities.

This study utilized data from a parasitological survey 
of school-aged children in mainland Tanzania to charac-
terize environmental and land cover features of differing 
levels of transmission intensity, and to test the hypoth-
esis that the strength and directionality of relationships 
between land cover and malaria prevalence might differ 
across low, moderate, and high levels of transmission 
intensity.

Methods
Study setting
Tanzania is situated in the East African highlands with 
a sloping coastal zone along the Indian Ocean. The cli-
mate is considered tropical, however high mountain-
ous regions and sweeping arid regions of the highlands 
exhibit temperate climates and are less suitable for 
malaria transmission [14, 17]. Two distinct rainfall pat-
terns occur across Tanzania: the north and east experi-
ence two rainy seasons, short rains from October to 
December and long rains March through May; southern, 
western and central areas experience one longer wet sea-
son from October through to April or May [17]. Differing 
patterns of rainfall contribute to varying levels of malaria 
vector abundance, transmission intensity and seasonality 
resulting in perennial malaria transmission across 60% of 
endemic areas, stable seasonal transmission in another 
20%, and unstable seasonal, low intensity transmission in 
the remaining 20% of areas [14]. Land use in Tanzania is 
dominated by the agricultural sector, which covered 45% 
of the total land area in 2014 (13 million hectares) [18]. 
Much of the remaining land cover includes protected 
savannah and grasslands, primary forest, and water 
bodies.

Study design
This study utilized data from the 2017 Tanzania School 
Malaria Parasitological Survey (SMPS), which was 
administered to school pupils aged 5–16  years old 
from July to November, 2017 on mainland Tanzania. 
The Tanzania SMPS was cross-sectional and followed a 
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multi-stage sampling design that was geographically rep-
resentative (stratified by elevation) across eight of the 26 
Tanzania regions. The eight selected regions were chosen 
to represent heterogenous malaria transmission levels 
and were surveyed during their respective rainy season. 
Within each region, schools were randomly selected, 
the number of schools selected was proportional to the 
regional population, and within each school 100 pupils 
were randomly sampled. Sampled pupils were inter-
viewed to collect a discrete set of demographic and health 
variables and were asked to provide a dried blood spot 
(DBS) sample for malaria testing. Interviews and DBS 
samples were obtained for all sampled students at each 
school who provided informed consent; no other exclu-
sion criteria were imposed. DBS samples were trans-
ported to the University of North Carolina for molecular 
detection of falciparum malaria via PCR amplification of 
the lactate dehydrogenase gene as described previously 
[19]. Individual falciparum malaria infection as measured 
by PCR is the main outcome for this study.

Land cover is the main exposure for this analysis and 
was derived from the European Space Agency Climate 
Change Initiative (CCI) land cover data product, which 
measures and classifies global land cover annually. Land 
cover was re-grouped into four classes based on the CCI 
land cover classification system [20] as cropland, for-
est, grassland, or flooded/swamp land. For each school, 
land cover values within a 10-km buffer were extracted 
and the per cent of each land cover class estimated by 
summing the number of pixels for each land cover class, 
dividing by the total number of pixels extracted for each 
school, and multiplying by 100. Land cover was coded as 
a continuous variable to reflect the reality of fragmented 
landscapes and avoid misclassification bias in major-
ity land cover-based approaches. Additionally, a 10-km 
buffer was used because it corresponds to the maximum 
flight distance of a blood-fed female Anopheles spp. mos-
quito [21], and also captures short-distance, daily human 
activity patterns in and around a village, including travel 
between home and school for the surveyed children.

Demographic and environmental covariates were 
extracted from the SMPS, remote sensed satellite plat-
forms, and other geographic datasets. From the SMPS, 
pupil age, gender, and school malaria transmission inten-
sity were extracted. Transmission intensity was estimated 
from the 2014–2015 Tanzania SMPS as the ratio of Plas-
modium falciparum positive rapid diagnostic tests to 
the total number of rapid diagnostic tests administered 
during the study [15, 16]. Environmental covariates were 
extracted by school location and included precipitation, 
temperature, vegetation, elevation, population density, 
and proximity to water bodies. Measures of precipita-
tion were obtained through the Climate Hazards Group 

InfraRed Precipitation with Station data (CHIRPS). Tem-
perature and vegetation were derived from the Mod-
erate Resolution Imaging Spectroradiometer satellite 
platform; temperature was measured in degrees above 
16 °C, the minimum temperature for P. falciparum devel-
opment [22, 23], and vegetation was measured using the 
Enhanced Vegetation Index (EVI) scale, which ranges 
from 0.1 to 1 with higher numbers indicating greater 
abundance and richness of vegetation [24]. Precipitation, 
temperature and vegetation were averaged monthly with 
temperature lagged one month prior to the month of 
interview to account for temporal delays in the Plasmo-
dium life cycle [25, 26]. Elevation was extracted from the 
Shuttle Radar Topography Mission, population density 
was derived from the 2017 WorldPop gridded population 
density raster, and proximity to water was measured as 
metres from each school GPS location to the closest river 
or body of water.

Stratification by transmission intensity
Sub-national stratification of malaria risk is important 
for contextualizing expected impacts of malaria con-
trol interventions [5, 27] and is often used by national 
malaria control programmes to define operational units 
for allocation of resources and to direct control policies 
[28, 29]. Thus, to evaluate whether associations between 
land cover and malaria prevalence differ between strata 
of transmission intensity, all analyses were stratified by 
3 levels of transmission intensity: low, moderate and 
high. Low transmission intensity corresponded to an 
estimated parasite prevalence of 0–10%, moderate to 
a parasite prevalence of 11–50%, and high to a para-
site prevalence of > 50%. Categorization of transmission 
intensity was adapted from previously published classifi-
cations of malaria endemicity among many sub-Saharan 
African countries [1, 2, 30], including Tanzania [16, 31], 
as hypo-endemic (low), meso-endemic (moderate), and 
hyper-holo-endemic (high) and retain the same preva-
lence intervals [31]. Measures of parasite prevalence were 
based on results from the 2014–15 Tanzania SMPS.

Statistical analysis
The extent to which P. falciparum infection varied across 
the three levels of transmission intensity and by indi-
vidual and school-level variables were first evaluated. 
Individual-level variables included age and gender, and 
school-level variables included per cent cropland, per 
cent forest, per cent grassland, per cent flooded/swamp 
land, per cent other land (urban or bare), temperature, 
precipitation, vegetation, elevation, population density, 
and proximity to water (presented in Table  1). Plasmo-
dium falciparum infection was dichotomized as positive 
or negative for each pupil; at the school level, negative P. 
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falciparum status indicated no infections were detected 
at the school, while positive status reflected one or more 
infections detected. Median values and interquartile 
ranges (IQR) were estimated for all continuous variables.

Hierarchical logistic regression models were then used 
to evaluate associations between each land cover class 
and malaria prevalence odds while accounting for the 
multi-level structure of the SMPS data and covariates. All 
models were implemented in a Bayesian framework using 
integrated nested Laplace approximation methods [32]. 
A random intercept was included to adjust for correla-
tion between pupils within schools. For each of the three 
land cover classes (cropland, forest, grassland), crude 
associations and associations adjusted for confounding 
variables were estimated, which included age and gen-
der (individual level), and temperature, precipitation, 
vegetation, elevation, population density, and proximity 
to a body of water (school level) within each stratum of 
transmission intensity for a total of 18 malaria prevalence 
odds ratio estimates. These variables were selected based 
on findings from previous studies [2, 4, 16, 22, 26] and 

were evaluated for their potential to confound relation-
ships between land cover and malaria prevalence using 
a directed acyclic graph analysis. Additionally, possible 
residual spatial confounding was explored in the relation-
ship between land cover and malaria prevalence across 
schools by adding a spatially varying intercept. Model fit 
was compared using deviance information criteria with 
the best fitting model having the smallest DIC by a mar-
gin of 3 points or more [33]. All models were run using 
the ‘INLA’ package in R version 4.0.4 [32].

Each land cover class (cropland, forest, grassland) was 
individually coded as continuous and scaled by 10, thus 
each regression coefficient corresponds to the differ-
ence in log prevalence odds of malaria corresponding to 
a 10-percentage point difference in land cover. Relation-
ships between land cover and malaria prevalence were 
assumed to be linear. All other continuous variables (age, 
temperature, precipitation, vegetation, elevation, popu-
lation density, proximity to a water body) were mean 
centred and modelled linearly. Gender was the only cat-
egorical variable and was coded as male or female. Any 

Table 1  Demographic and environmental features of the study population stratified by Plasmodium falciparum PCR status and by 
transmission intensity

Data are n (%), or median, [IQR]. P.f.: Plasmodium falciparum. Land cover percentages are presented as median values for each stratum and are not expected to sum to 
100%
a  Other land cover classes include urban and bare

Overall Transmission intensity

Low Moderate High

P.f. neg P.f. pos P.f. neg P.f. pos P.f. neg P.f. pos

Individual level

n 17,131 6,076 69 1,829 351 5,938 2,868

Age (years) 11 [9, 13] 11 [9, 12] 12 [10, 14] 11 [9, 13] 12 [10, 14] 11 [9, 13] 12 [10, 13]

Male (%) 8,457 (49) 3,020 (50) 33 (48) 895 (49) 190 (54) 2,761 (46) 1,558 (54)

School level

n 182 41 20 5 23 2 91

Per cent cropland 14 [3, 32] 3 [1, 14] 9 [3, 15] 39 [28, 39] 16 [7, 44] 47 [44, 50] 23 [9, 40]

Per cent forest 16 [5, 36] 33 [9, 43] 23 [11, 41] 3 [1, 22] 11 [3, 18] 12 [7, 18] 11 [3, 26]

Per cent grassland 49 [27, 68] 54 [45, 66] 51 [36, 60] 15 [9, 36] 40 [18, 78] 21 [21, 22] 46 [23, 68]

Per cent flooded/ 
swamp

0 [0, 5] 0 [0, 1] 0 [0, 5] 37 [6, 42] 1 [0, 25] 8 [4, 11] 0 [0, 9]

Per cent other land 
covera

0 [0, 1] 0 [0, 3] 0 [0, 1] 0 [0, 3] 0 [0, 0] 12 [6, 18] 0 [0, 0]

Temperature 
(> 16 °C)

16 [11, 19] 13 [9, 18] 14 [10, 17] 13 [13, 14] 15 [11, 19] 17 [17] 18 [14, 19]

Precipitation 1 [1, 2] 1 [1, 2] 1 [1] 2 [1, 2] 1 [1] 3 [2, 3] 2 [1, 3]

Vegetation 0.22 [0.18, 0.31] 0.21 [0.17, 0.28] 0.22 [0.18, 0.27] 0.13 [0.12, 0.25] 0.20 [0.15, 0.40] 0.26 [0.23, 0.29] 0.25 [0.19, 0.32]

Elevation (m) 1208 [973, 1443] 1505 [1282, 1650] 1460 [1169, 1619] 1133 [553, 1177] 1058 [544, 1344] 1228 [1212, 1244] 1177 [533, 1339]

Population density 
(per sq km)

102 [55, 209] 147 [52, 502] 95 [64, 290] 114 [90, 838] 72 [48, 202] 317 [177, 456] 104 [63, 170]

Proximity to water 
(km)

3 [2, 6] 3 [2, 6] 3 [1, 7] 1 [1, 2] 3 [1, 4] 6 [4, 7] 4 [2, 6]
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observations with missing data were excluded from the 
analysis (n = 6).

Ethical approval
Approval for this study was obtained from the University 
of North Carolina Institutional Review Board and from 
the Tanzania National Institute for Medical Research.

Results
A total of 17,131 pupils across 182 schools within 59 
district councils in eight regions had available falcipa-
rum malaria PCR results and could be linked with SMPS 
metadata for downstream analyses (Fig.  1). The overall 
prevalence of malaria in the study population was 19.2% 
with a 95% uncertainty interval (UI) of 18.6, 19.8%. By 
strata of transmission intensity, the prevalence of malaria 
was 1.1% (95% UI: 0.9, 1.4%) in low intensity areas, 16.1% 
(95% UI: 14.6, 17.7%) in moderate intensity areas, and 
32.6% (95% UI: 31.6, 33.6%) in high transmission inten-
sity areas. Across the 59 district councils included in the 
study, malaria prevalence ranged from 0% among sev-
eral councils in Arusha, Iringa and Tanga regions to 82% 
in Newala Council of Mtwara (Fig.  2, Additional file  1: 
Table S1).

Demographic, environmental and land cover fea-
tures of the study population stratified by P. falciparum 
positivity and transmission intensity are presented in 
Table 1. Overall, the median age of pupils was 11 years 
(IQR: 9–13), and 49% were male. Among malaria-pos-
itive pupils in moderate and high transmission inten-
sity areas, the median age was slightly higher and a 
higher percentage were male compared with P. falci-
parum-negative pupils in these strata. The percent-
age of schools with any malaria-positive pupils was 
highest among high-transmission intensity schools 
at 98% (91/93), followed by 82% (23/28) of schools in 
moderate-transmission areas, and at low transmission 
intensity, 33% (20/61) of schools were positive. Crop-
land was more abundant among moderate- and high-
transmission intensity schools. Forest and grassland 
accounted for higher median percentages of land cover 
in low-transmission intensity areas. Flooded areas 
and swamps covered very little land. Median tempera-
ture was higher among malaria-positive schools and 
increased with transmission. Median precipitation and 
vegetation values were low overall and changed little 
by malaria and transmission intensity. Median eleva-
tion values were lower among P. falciparum-positive 
schools compared with negative schools and decreased 
with increasing transmission intensity; the IQR ranges, 
however, were large. Population density was consist-
ently lower among malaria-positive schools compared 
with malaria-negative schools at all levels of transmis-
sion intensity. The median distance to a river or body 
of water for all schools was 3  km and varied little by 
malaria status and transmission intensity.

Fig. 1  Selection of participants from the 2017 School Malaria 
Parasitological Survey into final analysis cohort

Fig. 2  Estimated falciparum malaria per cent prevalence aggregated 
at council level based on the 2017 School Malaria Parasitological 
Survey results. Transmission intensity overlays prevalence colouring, 
changing directionality and density of hatching represents different 
transmission intensities
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Analysis of associations between land cover and malaria 
prevalence
Due to the low percentage of land cover by flooded/
swamp lands, the only modelled associations were for 
cropland, grassland, and forest land cover. Odds ratios 
were estimated for a 10-unit difference in each land cover 
class alone (crude) and adjusted for a set of confounding 
variables which included age, gender, temperature, pre-
cipitation, vegetation, elevation, population density, and 
proximity to water within each stratum of transmission 
intensity. Estimated malaria prevalence odds ratios from 
these models are presented in Table 2; additional results 
from the adjusted models for covariate beta estimates 
and 95% UIs are available in Additional file 1: Table S2. 
For all land cover classes, model fit statistics were simi-
lar between non-spatial models and models that included 
a spatially varying intercept. Because the fit of the more 
complex spatial models was not favoured over the sim-
pler non-spatial models, it was assumed that any con-
founding due to space was minimal at the spatial scales 
evaluated and outcomes from the non-spatial models 
were reported. A comparison of results from the non-
spatial and spatial modelling approaches can be found in 
Additional file  1: Table  S3. Posterior malaria prevalence 
odds ratio estimates for the three land cover classes by 
transmission intensity are described below.

Cropland was positively associated with malaria at 
low levels of transmission intensity. Each 10-percentage 
point increase in cropland cover was associated with a 
crude malaria prevalence odds ratio (POR) of 2.00 (95% 
UI: 1.19, 3.47), which increased to 2.44 (95% UI 1.27, 
5.11) when adjusting for confounders. Increasing crop-
land cover was not associated with malaria prevalence at 
moderate (POR: 0.87, 95% UI: 0.60, 1.24) or high (POR: 
0.94, 95% UI: 0.84, 1.06) transmission intensity, when 
adjusting for confounders.

Grassland cover exhibited a small association with 
increased malaria prevalence at high levels of transmis-
sion intensity, although the 95% UIs included the null. 
When adjusting for confounding variables, each 10-per-
centage point increase in grassland cover was associated 
with a malaria prevalence odds ratio of 1.10 (95% UI: 

1.00, 1.21). At moderate levels of transmission intensity, 
estimates were shifted toward the null (POR: 1.04, 95% 
UI: 0.82, 1.32), at low transmission intensity, estimates 
crossed the null, but remained close to 1 (POR: 0.88, 95% 
UI: 0.58, 1.30).

Forest cover showed a small association with decreased 
prevalence of malaria in low-transmission intensity areas; 
however, UIs included the null. Adjusted estimates indi-
cated a malaria POR of 0.74 (0.51, 1.03) for each 10-per-
centage point increase in forest cover at low-transmission 
intensity. Estimates were shifted closer to the null with 
UIs spanning the null at moderate (POR: 0.86, 95% UI: 
0.53, 1.36) and high (POR: 0.98, 95% UI: 0.88, 1.10) trans-
mission intensity, adjusting for confounding variables.

Discussion
In this study, using data from a nationally representa-
tive survey of school-aged children in Tanzania, higher 
cropland cover was found to be associated with increased 
malaria with a POR of 2.44 (95% UI: 1.27, 5.11) in low-
transmission intensity settings but not at higher levels of 
transmission when controlling for confounders. Asso-
ciations found between other land cover classes with 
malaria also tended to be dependent on background 
transmission intensity. Grassland cover exhibited a small 
association with increased malaria prevalence odds at 
higher-transmission intensity settings and conversely, 
forest cover had a small association with lower preva-
lence odds of malaria in low transmission intensity areas, 
however neither estimate was statistically significant.

Similar associations between land cover and malaria 
have been reported previously in Tanzania and neigh-
bouring countries. Land use for agriculture has been 
found to be associated with increased transmission of 
malaria among children in Tanzania [8–10], DRC [6], 
Malawi [7], Kenya, and Burundi [9, 12], and increased 
abundance of Anopheles vectors [34, 35]. The present 
study did not collect data on crop types; however, pre-
vious studies in Tanzania have suggested irrigated 
rice fields confer elevated risk of malaria over pasto-
ral land cover [27], or savannah [8]. A complementary 
study in Kenya found rice fields and nearby canals to 

Table 2  Crude and adjusted posterior malaria prevalence odds ratios and 95% uncertainty intervals for each of the three main land 
cover classes stratified by transmission intensity

OR odds ratio, UI uncertainty interval

Low transmission Moderate transmission High transmission

Crude OR
(95% UI)

Adjusted OR (95% UI) Crude OR
(95% UI)

Adjusted OR (95% UI) Crude OR
(95% UI)

Adjusted OR (95% UI)

Cropland 2.00 (1.19, 3.47) 2.44 (1.27, 5.11) 0.89 (0.61, 1.31) 0.87 (0.60, 1.24) 0.95 (0.85, 1.06) 0.94 (0.84, 1.06)

Grassland 0.95 (0.71, 1.25) 0.88 (0.58, 1.30) 1.07 (0.82, 1.42) 1.04 (0.82, 1.32) 1.05 (0.97, 1.14) 1.10 (1.00, 1.21)

Forest 0.79 (0.60, 1.02) 0.74 (0.51, 1.03) 1.08 (0.62, 1.90) 0.86 (0.53, 1.36) 1.02 (0.92, 1.12) 0.98 (0.88, 1.10)
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be associated with Anopheles abundance and diversity, 
with higher larval densities in areas where homes were 
located close to rice fields [35]. Contrary to the current 
study results, Chacky et al. [16] found multiple types of 
forest cover (rainforest, dry, deciduous) to be associ-
ated with increased malaria prevalence relative to grass-
land among school-aged children. This study found that 
increasing grassland corresponded with a small increase 
in malaria prevalence at high transmission intensity, and 
it was also found that increasing forest cover may have 
conferred slight protection, although only at low levels of 
transmission intensity. This may be an artifact of reduced 
cropland, and thus lower malaria, in areas with increased 
forest. However, deforested areas, which are often cleared 
for cropland, have been associated with increased vecto-
rial capacity of Anopheles gambiae and may translate to 
higher malaria risk relative to forested areas [36]. The 
results of this study however are not directly comparable 
with Chacky et al. due to different land cover/ecological 
zone classification methods and may have also differ due 
to the stratification of analyses by transmission intensity.

This study is the first analysis of land cover and malaria 
prevalence in Tanzania to stratify by transmission inten-
sity that showed differing associations between land 
cover and malaria by transmission level. This finding has 
important implications for malaria control and policy in 
Tanzania, such as the need for continued evaluation of 
malaria risk factors by transmission intensity and dis-
tribution of malaria control interventions and resources 
accordingly. The importance of transmission stratifica-
tion on land cover-malaria relationships is likely not 
unique to Tanzania and future studies should consider 
evaluating malaria risk factors by transmission inten-
sity in other countries. The World Health Organization 
(WHO) recommends stratification of malaria burden to 
optimize distribution of malaria control interventions 
[28, 29]. Additionally, knowledge of how relationships 
between intervenable malaria risk factors and malaria 
may differ by transmission strata offers additional ways to 
finely target interventions and policies. The finding that 
increasing cropland is associated with increased malaria 
prevalence in areas of low transmission intensity provides 
a new target for further reducing the burden of malaria in 
low-transmission settings. At moderate- and high-trans-
mission intensities, this study failed to detect significant 
associations between all land cover classes and malaria 
prevalence. It is possible that higher levels of commu-
nity transmission prevented detection of strong relation-
ships between different land cover classes and malaria 
given the spatial resolution of the data. As transmission 
intensity declines, patterns of malaria become increas-
ing heterogenous and focal, allowing for characteriza-
tion of geographic features associated with more intense 

transmission of malaria, which can further enhance 
malaria control efforts. In this context, it is unsurprising 
that strong relationships between land cover and malaria 
prevalence were not detected outside of low transmission 
areas. These results highlight the importance of strength-
ening current malaria control interventions at all lev-
els of transmission, and in areas with low transmission, 
the use of complementary vector control interventions, 
such as environmental manipulation and larval source 
management, should additionally be considered around 
croplands and agricultural areas. As areas with low trans-
mission push toward the goal of malaria elimination, it is 
increasingly important to assess for environmental risk 
factors to maximize detection of malaria risk patterns. 
Indeed, understanding the ecology of malaria transmis-
sion is necessary for optimizing interventions and is a 
pre-requisite to malaria elimination [37].

Current malaria control interventions in Tanzania 
centre on the use of insecticide-treated nets (ITNs) and 
indoor residual spraying, which aim to reduce malaria 
transmission within households [31]. Although these 
interventions are the backbone of malaria control across 
much of sub-Saharan Africa, they are facing increasing 
numbers of obstacles, including insecticide resistance, 
changes to vector species population dynamics, vector 
behavioural adaptations, and improper use leading to 
insufficient protection of household residents [37, 38]. In 
Tanzania, widespread use of ITNs and household spray-
ing has led to a shift in the composition of vector species 
with Anopheles arabiensis replacing An. gambiae sensu 
stricto (s.s.) as the predominant vector in many areas 
[31, 39]. Anopheles arabiensis exhibits broader feed-
ing and resting preferences compared to An. gambiae 
s.s., allowing the species to evade individual and house-
hold-targeted interventions [39]. This gives rise to a new 
hypothesis that such changes in vector dynamics in areas 
of low transmission may have contributed to the strong 
association observed between higher cropland cover and 
increased malaria prevalence at low transmission inten-
sities. Thus, to achieve wide-spread vector control and 
to suppress malaria transmission further, interventions 
outside of the house, such as larval source management, 
space spraying and other environmental manipulation 
and management techniques need to be explored fur-
ther and implemented in areas with low levels of malaria 
transmission [38]. The identification of specific land 
cover or land use practices associated with malaria, such 
as cropland in this study, provides an actionable target for 
highly effective, yet under-utilized, malaria vector control 
interventions (i.e., space spraying, vector habitat manage-
ment or manipulation, biological control, and larvicides) 
that could complement current malaria control activities 
and maximize progress toward malaria elimination.
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This study has several important limitations. Pri-
marily, there was limited data on malaria interven-
tions such as bed net use or indoor residual spraying 
(IRS), or other important household level sociodemo-
graphic variables, such as wealth and housing materi-
als. ITN use is high in Tanzania with an estimated 78% 
of households owning at least one net [40] and 68% of 
school-aged children reported sleeping under a net the 
previous night in 2015 [16]. Although the use of ITNs 
is high in Tanzania, distribution of malaria control 
interventions is based on sub-national classifications of 
transmission intensity.

While ownership of ITNs and use of IRS should be 
similar within each stratum of transmission and inde-
pendent of local land cover dynamics, variation is likely 
to occur between levels of transmission and this possible 
source of bias was unable to be controlled for; caution 
should be exercised when comparing results between 
levels of transmission. Wealth or household construction 
were also unable to be controlled for, both of which are 
important risk factors for malaria [19, 41]. An attempt 
was made to control for population density, which is 
highly correlated with urbanicity and associated with 
higher average wealth and improved housing construc-
tion. Thus, little uncontrolled confounding bias due to 
wealth and/or housing construction is expected in the 
confounder-adjusted estimates. Secondly, the cross-sec-
tional design of the SMPS precluded assessment of tem-
poral trends and any changes in malaria prevalence due 
to seasonality. The SMPS was primarily administered at 
the start of the rainy season for each region, however at 
some locations it is possible that the timing of the survey 
was misaligned with the start of the rainy season; any bias 
from seasonality that was not captured by measures of 
temperature, precipitation, and vegetation in the analyses 
could have biased the results downward and toward the 
null. Additionally, the study sample was limited to chil-
dren attending school at the selected school location in 
eight regions of Tanzania. School-based malaria surveys 
have been shown to strongly correlate with community 
malaria estimates [42], although absolute measures of 
disease burden may be higher in school surveys due to 
the higher age-associated risk of school-aged individu-
als. However, relative measures of risk, as were used in 
this study, should be unaffected. Further, school attend-
ance in Tanzania is mandatory, thus the surveyed sam-
ple of students from randomly selected schools should 
be representative of the national population of school-
aged children in Tanzania. Finally, the regions in this 
study were selected to be representative of varying strata 
of malaria risk across the country and the results are 
expected to be generalizable to the whole of mainland 
Tanzania during the 2017 study period.

Associations between land cover and malaria preva-
lence were found to be dependent on background lev-
els of transmission intensity in Tanzania. In particular, 
in areas of low-transmission intensity, higher cropland 
cover was associated with increased malaria prevalence. 
Low-transmission intensity areas have high potential to 
achieve malaria elimination goals and expanding the cur-
rent arsenal of malaria control interventions to include 
complementary vector control interventions in com-
munities exposed to cropland or engaged in agricultural 
work may help reduce the burden of malaria further in 
these areas. As malaria transmission dynamics change 
in response to increasing interventions and transmission 
becomes increasingly stratified, it is important to re-eval-
uate how malaria risk factors may differ by strata of trans-
mission intensity to improve prioritization of resources 
and continue making progress in malaria control.
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